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Abstract
Complex systems, Pattern-based Systems Engineering, and Model-based Systems Engineering are approaches to model system 
lifecycles and address engineered systems complexity. Each approach advocates languages, tools, and processes as supplements to 
traditional engineering processes; however, these approaches are not readily adopted. The challenge for these system modeling 
approaches is they are not linked to traditional engineering processes and require unique tools and languages independent of 
traditional engineering domains. Furthermore, the knowledge of the external standards and specifications used in traditional 
processes are not available to users of system modeling technology, and those who have knowledge of external standards and 
specifications do not have knowledge of system modeling technology. Moreover, embedding intelligence of external standards and 
specifications is available within traditional system modeling applications. The research goal is integrating the technology and 
processes employed by system modeling and traditional engineering to automate data creation, flow and validation through removal 
of barriers to rule-driven technology adoption. Rule-driven technology adoption should lead to efficiencies in creating and 
managing extremely large datasets through automation. The results project significant improvement to data quality and enterprise 
IT systems integration while reducing labor costs to; validate data, avoid and correct errors, and eliminate data omissions.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of scientific committee of Missouri University of Science and Technology.
Keywords: Data quality; data validation; data reuse; rule-driven data creation
* Craig Estridge. Tel.: +1-714-206-0278; fax: +0-000-000-0000 .
E-mail address: craigestridge@gwu.edu
 2016 The Authors. Published by Elsevi r B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of scientific committee of Missouri University of Science and Technology
312   Craig Estridge et al. /  Procedia Computer Science  95 ( 2016 )  311 – 318 
1. Introduction
Complex systems, Pattern-based Systems Engineering (PBSE), and Model-based Systems Engineering (MBSE) 
are approaches to model the lifecycles of systems and address engineered systems complexity. Each approach 
advocates unique languages, tools, and processes as supplements to traditional engineering processes; however, these 
approaches are not readily adopted by the broader engineering community. As noted in the MBSE Survey Presented 
January 2015 INCOSE IW2, among those practicing MBSE on projects the use of MBSE tools was rated at 3.34, 
Some, on a scale of None (0) to A Lot (5). In addition, within the same presentation, the significant use of MBSE was 
for requirements management at 81% and limited to 26% for synthesizing allocated architectures2, which become the 
functional, logical, and physical architectures in the traditional engineering domains of structural, electrical, and 
mechanical systems. Therefore, focusing the use of MBSE on requirements derivation and management and 
employing distinct modelling languages2 such as SysML ™ generates disconnects to traditional engineering domains 
processes that also require unique tools and languages. For example, within the aerospace industry the airframe and 
mechanical subsystems engineering organizations use mechanical computer aided design (MCAD) tools such as 
Dassault Systemes CATIA V5 for physical architecture definition, stress analysis of the airframe is performed with 
MSC NASTRAN finite element modelling, and electrical systems are defined within Mentorgraphics, an electrical 
computer aided design (ECAD) suite of tools. Furthermore, functional schematics are created using a choice between 
Microsoft Visio, CATIA V5 Drafting or AutoDesk AutoCAD. These tools are independent of the systems engineering 
organizations developing system architectures and interface control drawings within tools such as Rational System 
Architect or Microsoft Visio. As shown in Table 1 – Lifecycle Models, the various models necessary to represent the 
different phases and aspects of the system of interest lifecycle involve the creation of data using disparate tools and 
data formats. Moreover, each data format should be integrated and validated with other data formats to truly represent 
the system of interest lifecycle in a virtual environment. However, the business processes, data formats, and tools are 
specialized and controlled by a similarly disparate organizational structure.
Table 1 – Lifecycle Models
Model Description Technology Platform Example
Requirement Capabilities, features, and 
standards for elements of the 
total system
DOORS, knowledge-based 
engineering (KBE)
Functional/Logical Architecture diagrams, 
schematic diagrams
SysML, MS Visio, 2D CAD 
(AutoCAD, CATIA), legacy 
physical drawings
Physical 3D Layouts, physical prototypes, 
system integration lab (SIL)
3D CAD, legacy physical 
drawings, SysML 
(architecture)
Production Supplier strategy, logistics 
model, production layouts, 
assembly sequences and plans, 
tooling and resources, Material 
Specifications, 
graphical/electronic work 
instructions(GWI/EWI)
Discrete event simulation, 
plant layout software, 
DELMIA, Human Factors 
simulation, SysML 
(architecture), Text documents, 
2D/3D CAD, ERP (SCM, 
MRP)
Logistics Supplier strategy, transportation 
strategy, warehouse and storage 
plan, 
spares/reparables/consumables 
plan, Receipt inspection and test 
plan
SysML (architecture), MS 
Visio (Value Stream), ERP 
(SCM), Text documents (MS 
Word)
Maintenance Preventative Maintenance, 
Corrective Maintenance, 
Predictive Maintenance, 
Condition-based Maintenance, 
ERP (coordinate with Logistics 
model), EAM (maintenance 
procedures, results), ECM 
(logs and reports to feed to 
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Maintenance locations, Special 
test and measurement 
equipment, technical skill levels
analytics (i.e. SPSS, MiniTab, 
MATLAB, Crystal Ball) for 
Predictive and Condition-
based Maintenance)
Cost Monetary value of labor, 
resources, and material. 
Relationships between elements 
for activity based 
cost/management
ERP, Artemis, MS Excel
Temporal (Schedule) Time-phased sequencing of 
activities and resources to track 
program progress.
MS Project, Primavera P6, 
Workflow modeler (PLM)
Organizational Structure of enterprise or 
program to execute a scope of 
work or realize a system of 
interest
MS Visio, Proprietary tools, 
ERP or PLM People and 
Organization data for access 
control
Process Policies, procedures, Tacit 
knowledge
SysML, MS Visio
Risk Uncertainty Risk Manager tools (e.g. 
Active Risk Manager), Monte 
Carlo simulations (i.e. MS 
Excel, Primavera Schedule 
Risk Assessment, MATLAB, 
Oracle Crystal Ball)
Data Procedures, forms, checklist, IT 
application architectures (if 
documented), content of other 
models
MS Visio, SysML, Proprietary 
modelling tools
The specialization of the organizational functions and tools also leads to fragmentation of data sources.
The fragmentation of data is inherent to the job functions and deliverables as this author experienced with multiple 
aerospace companies. The design engineers responsible to develop the functional and physical definition of the 
systems will work within the MCAD and ECAD tools using allowed parts lists as input to system design. Concurrently,
the system engineer will develop the system description and system specification documents based on applicable 
standards such as military standards or commercial standards within a requirements management tool such as Rational 
DOORS. Therefore, this knowledge of the external standards and specifications used in traditional engineering 
processes are not directly available to design engineers using 2D and 3D system modelling technology, alternatively 
system engineers do not have knowledge of MCAD and ECAD tools used for system modelling of allocated 
architectures. In addition, embedding intelligence of external standards and specifications is available within 
traditional system modelling applications such as the Dassault Systemes (DS) V6 platform to perform automated 
attribute evaluation and validation; however, this automation is not available in higher-level system modelling tools 
such as Rational Rhapsody without significant user interaction given the lack of a predefined object catalog and 
inheritance capability. To bridge this gap in the organizational knowledge and technology deployments, research is 
in-progress for assessing the barriers associated with implementing the technology and processes to automate data 
creation, flow, and validation through removal of barriers to rule-driven technology adoption. 
Rule-driven technology such as DS V6 Equipment and Systems (V6 E&S) applications within the larger set of 
DS Product Lifecycle Management (PLM) platform uses an object-attribute knowledge-based engineering (KBE) 
infrastructure to aid with component selection and physical definition according to predefined specifications. 
Moreover, according to Krogstie “KBE requires close collaboration between engineers in different domains, handling 
data in various formats and a well structured knowledge acquisition technique followed by transparency and 
traceability in design automation.”7 This automated traceability ensures the transition between organizations and 
artifacts occur with minimal non-value added activities such as rework or inspection. Examples of the knowledge 
articles to be created and validated by KBE are the system specifications such as base material and component 
connections as well as manufacturing capabilities such as tube bending rules; therefore, allowing the KBE to check 
314   Craig Estridge et al. /  Procedia Computer Science  95 ( 2016 )  311 – 318 
the objects and attributes against a predefined set of conditions during system development. Furthermore, the V6 E&S 
suite of applications include schematics, 3D system modelling, and reporting capabilities to link each object to its 
logical, functional, and physical definitions through a single data structure, which minimizes the data formats analyzed 
by KBE while integrating the engineering domains within a platform of applications operating on a single database.
As a consequence, rule-driven technology adoption should lead to efficiencies in creating and managing extremely 
large datasets through automation across the engineering domains and engineering deliverables as well as streamlined 
data integration. Krogstie further states “Company-wide applications often require additional work from individuals 
who do not perceive a direct benefit from the use of the application. When, e.g. creating new parts, a large number of 
attributes needs to be added, thus it takes longer time to enter product-information in the beginning.”7 Therefore, to 
address this disconnect between the providers of data and the beneficiaries as well as reduce the efforts of attribute 
evaluations through KBE, research is in-progress to evaluate the perceived value for technology adoption of an 
integrated platform to reduce technology tools and data transitions the across the engineering lifecycle and address 
the “factors for waste reduction in lean engineering”7, which are searching, under-communication, misunderstanding, 
waiting, and extra processing6. The preliminary research results forecast significant improvement to enterprise 
business technology systems integration and data quality while reducing labor costs to; validate data, avoid and correct 
errors, and eliminate data omissions. 
To understand rule-driven technology the process begins with identifying the various documents and data 
elements required to describe a complex system. For example, requirements databases, the system architecture, 
functional schematics, two-dimensional (2D) and three-dimensional (3D) models of the physical architecture, and 
component specifications suitable for supply chain bills of materials are the primary engineering deliverables. The 
identified documents and associated data elements are then mapped to the authoring organization and technology 
platforms as well as the applicable system development lifecycle process step. This association between the data and 
the organizational elements, engineering deliverables, and the technology architecture is hypothesized to increase 
perceived value of the business technology. However, these activities and interactions introduce additional complexity 
to realizing the system of interest.
2. Context
Complexity is a difficult concept to define in the engineering space due to the complicated products, the 
interactions between the products and elements within the products, as well as the subjectivity inherent to stakeholder 
interpretations. Furthermore, the complexity is amplified due to the distributed nature of information creation and 
Figure 1- Extended Summary View of the S* Metamodel9
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management. As Schindel9 posits “Determining a completeness and consistency of (or otherwise interpreting) a 
specification document is frequently a highly subjective assignment, requiring very experienced human reviewers.”
This need for human reviewers and subjectivity introduces additional complexity for validating the system meets the 
customer desires as well as the specifications of industry, government, and the engineering organization. In addition, 
the specifications and engineering information is distributed across several engineering domains and domain specific 
documentation, which is manually integrated by human reviewers. As shown in Figure 1 – Extended Summary View 
of the S* Metamodel9, adapted from Schindel, the system is developed from the features desired by the end-user; 
however, the system experiences multiple layers of abstraction and documents to arrive at the system of interest. 
These layers of abstractions and documents are the models, which comprise the metamodel. Furthermore, all of 
the models deal with the same basic elements of the product structure depicted in Figure 2 – Product Structure 
Hierarchy. The basic elements are realized through a multi-disciplinary approach involving hardware (HW) and 
software (SW), the interfaces between HW-HW, HW-SW, and SW-SW, while adhering to configuration item (CI) 
and computer software configuration item (CSCI) specifications relating to fit, form, and function. In addition, higher-
level specifications may not be related to an element of the product structure except through the spatial relationships 
of the elements. This leads to Schindel’s9 argument “the target systems information is the more fundamental issue to 
solve”. Therefore, a recommended solution to the information issue is placing more system information in a “machine 
checkable”9 format, as well as implementing the technological machines capable of performing the checking, which 
requires removing the barriers to technology adoption of the rule-driven application.
The barriers to technology adoption can be allocated to five categories of technology, processes, staff, 
organizational context, and management8. The technology barrier is created through the complexity and specialization 
of the tools as well as the disconnect between the technology and business processes. The process barrier results from 
the ill-defined or unwritten business processes within the organization. This lack of clarity results from the remaining 
barriers of staff, organizational context, and management.
The staff, organizational context, and management barriers are internal to the individual technology adopter and 
based on their priorities for using resources to document processes, obtain training, and invest in sustaining activities. 
Moreover, leadership can reduce the barriers by providing “time to learn new technology”6, instill “beliefs that support 
the use of technology”6, provide “access to current and functional technology”6, encourage “professional development 
that goes beyond skill building”6, and foster a “culture that promotes technology use”6. Furthermore, the technology 
providers need to ensure their training and implementation address the concerns expressed by Reid “classes on 
instructional technologies frequently do not include discussions on effective use of the technology, instead focusing 
on mechanics”8. When the knowledge of the technology is limited to user interfaces, functions, and features without 
process context, the purpose or value of the technology is lost. The lack of technology process context leads to a sense 
of increasing complexity induced by uncertainty, which inhibits achieving convergence of organizational integration, 
engineering processes, and technology adoption.
Achieving the convergence of these three concepts, organizational integration, engineering processes, and 
technology adoption will lead to a single dataset for the system of interest information retrievable from other 
technological tools as needed from the responsible sources. The value of this is articulated by Brown et al, “Thus, the 
fit of the technology to the task is important”1. The challenge for ensuring the task and technology fit is inherent to 
Figure 2 - Product Structure Hierarchy
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the distributed nature of the engineering domains and lifecycle activities. Therefore, another concept is necessary to 
achieve this level of integration across multiple domains as introduced by Lawless, et al, “Bistability is a simplified 
form of interdependence. Interdependence is dependence between two or more parties”5. Therefore, bistability 
becomes the glue holding the complex system realization process together and minimizing the entropy of the 
organization as described by Lawless et al5, which also reduces the entropy of the system development process. This 
entropy is introduced by the complexity inherent to the disaggregated data across the system development lifecycle 
through disparate technology environments and organizational fragmentation.
However, aggregating the data across disparate business technology tools amplifies the complexity of systems 
development. Furthermore, the aggregation is error prone if the data is transferred to spreadsheets for analysis. For 
example, MBSE emphasizes SysML™ and system architectures; however, the system is not procured, built, or 
maintained by the system architecture. The system definition is realized by a combination of functional schematics, 
MCAD and ECAD 3D models, 2D drawings, computer-aided engineering (CAE) analysis tools, modelling and 
simulation (M&S), and tabular files for bills of material and installation data. These realization files must be integrated 
as well as linked to the system architecture to efficiently manage the data across the system lifecycle as shown in 
Table 2 – Product Development Lifecycle Data Model of Configuration Item. The table presents the engineering 
information created to define and produce a system of interest to the lowest level of the product structure. Moreover, 
the recommended technology platform highlights the ability to create and manage the disparate data elements within 
a single enterprise engineering platform such as DS V6, which support a set of homogeneous data sources to reduce 
the complexity7.
Table 2 – Product Development Lifecycle Data Model of Configuration Item3
Model Data Element Data Element values Recommended Technology 
Platform
Requirement System of Interest Requirement In accordance with MIL-STD-
777F
Rational DOORS
Requirement Subsystem Specification MIL-STD-777F, A-1 Steam and 
Steam Drains, 1500#, 1000F
V6 Knowledge-based 
Engineering: Equipment and 
Systems applications
Functional/Logical Subsystem schematic Block valve, Gate Valve, 6” 
NPS, 1500#, A217M Gr. WC-6
V6 Knowledge-based 
Engineering: Equipment and 
Systems applications
Physical 3D Layouts Gate Valve, 6” NPS, 1500#, 
A217M Gr. WC-6, MIL-V-
18110, Butt welded, B16.34, 
560lbm, cg x-y-z.
V6 Knowledge-based 
Engineering: Equipment and 
Systems applications
Production production layouts, assembly 
sequences and plans, tooling 
and resources, Material 
Specifications, 
graphical/electronic work 
instructions(GWI/EWI)
Engineering bill of material 
(EBOM) (3D data), 2D/3D 
installation data (location, 
tolerance, welding 
specifications), ERP (part 
numbers, tooling resources, 
CNC files)
V6 Knowledge-based 
Engineering: Equipment and 
Systems applications, Drawing 
Production, and DELMIA 
process modelling
Logistics MBOM, raw material, interim 
parts, consumables, supplier, 
warehouse location, National 
Stock Number (if known)
EBOM data + manufacturing 
bill of material (MBOM),
resources, and planning 
sequence
ERP using direct import from 
V6
Moreover, to reduce the entropy of the data environment, the business technology tools must be integrated to share a 
single source of data, which leads to the research question of adopting the business technology that enables automated 
data creation and validation to reduce the complexity of manual data aggregation by reducing the technology platforms 
in use and standardizing on a common data model such as DS V6 for enterprise engineering activities.
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3. Research Proposal
The object-oriented focus of PBSE and MBSE defines the interactions between the different levels of the system 
definition from the complete system to the configuration item. What makes managing these interactions difficult is 
the complexity of the data representations in multiple disaggregated business technologies. Furthermore, adoption and 
implementation of a business technology is hampered by the disaggregation of the organizations who create and 
consume the data used by these tools. Therefore, to remove the barriers to adoption it is necessary to link the 
organizational outputs to the technology architecture. To accomplish this linkage the first step is to identify the product 
structure for the system of interest down to the configuration item level and the work breakdown structure to 
engineering deliverables.
This step involves development of the system architecture and allocation of features and functional requirements 
to the top-level product structure. The product structure and requirements allocation define the work breakdown 
structure and related documents involved with the definition and realization of the system. The documents include the 
complete system architectures to functional schematics, three-dimensional models, analysis reports, and production 
documents from plans and sections to numerical-controlled files of individual subparts. 
The second step is to identify the business technology related to the creation and management of the deliverables. 
As shown in Figure 3 – Document Hierarchy and Business Technology Interaction, the interaction between the product 
structure, work breakdown structure, and enterprise architecture sets the conditions for data integration spanning the 
system of interest lifecycle. Moreover, success depends on further decomposition of the data and associated data 
processes, which are then mapped to the application architectures of the enterprise business technology. This brings 
the process definition employed during the system realization process into context with the business technology 
deployment. This contextual linkage reduces complexity by enabling the engineer to focus on one item, the data 
required for the active process step, while understanding three additional items; the organizational structure, the 
completed deliverable, and the business technology. To validate this hypothesis that perceived value will improve 
technology adoption, a case study has been initiated.
4. Forecasted Results
The case study posits the integration of process knowledge, application architecture, and deliverable data will 
significantly reduce the level of effort to achieve adoption of business technology and promote high-quality delivery. 
Furthermore, the case study seeks to validate the metrics identified by IBM concerning the capabilities of the business 
technology to automate repetitive tasks such as data validation to reduce engineering analysis effort by 50 percent
while reducing document errors by 15 percent4. To support the case study, the process knowledge to be employed will 
Figure 3 - Document Hierarchy and Business Technology Interaction
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be documented to demonstrate the value of standardization, and implement continuous improvement. Moreover, this 
process documentation activity may be done independent of the business technology and data deliverables, though it 
must be conducted synchronously with both. The synchronicity links the business processes and deliverable data 
models to the application architectures, which enhances business technology adoption and engineering value creation 
while reducing the entropy inherent to data loss or information structural complexity.  Therefore, the case study is 
mapping the INCOSE system engineering technical processes to the DS V6 PLM platform. In addition, the case study 
seeks to measure the change in PLM platform perceived value based on participant feedback and knowledge increase 
of rule-driven business technology.
5. Future Research
This case study is examining one set of applications within one class of mature business technology, and the 
engineering processes associated with system of interest realization. Therefore, future research is proposed to 
understand the organizational dynamics that will drive business technology integration and the limitations of hybrid 
human machine entities to achieve high levels of automation in knowledge creation. The future research should ask 
how to reduce the need to locate information, or validate the information after retrieval, as well as how to eliminate 
the data cleansing steps currently required in big data projects. Furthermore, another question to answer is if the 
extension of the research proposed in this case study can lead to electronic integrated product teams, who can focus 
on the subset of data that does not conform to predefined rules and specifications versus the current practice of 100% 
data validations during design reviews. 
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